The proton pump inhibitor omeprazole reduced the intracellular replication of Salmonella enterica serovar Typhimurium in RAW264.7 cells without affecting bacterial growth in vitro or the viability of the host cells. The mechanism was bacteriostatic and interfered with replication mediated by the virulence-associated SPI2 type III secretion system. The proton pump inhibitor bafilomycin A 1 , in contrast, mediated killing of intracellular bacteria and imposed a marked cytotoxicity on RAW264.7 cells. The two compounds also differentially affected the proinflammatory responses of the infected cells. Bafilomycin A 1 enhanced nitric oxide production, whereas omeprazole delayed IB degradation and blocked nitric oxide production and the secretion of proinflammatory cytokines. These results imply that omeprazole can be used to block the virulence factor-mediated intracellular replication of S. Typhimurium, and that its mechanism of growth inhibition is different from that mediated by bafilomycin A 1 .
Small molecular organic compounds recently have been used for interfering with bacterial pathogenicity on an experimental basis. Selected salicylidene acylhydrazides, for example, have been used to block the bacterial type III secretion system (T3SS)-dependent intracellular replication of Chlamydia (30, 44) and Salmonella enterica (31) in cultured cells and the T3SS-dependent cytotoxicity of Yersinia pseudotuberculosis (21, 22, 32) . Other sets of compounds have been used to block the transcription of virulence factor genes in enteropathogenic Escherichia coli (14) and Vibrio cholerae (20) . Such substances thus prevent the expression or functionality of virulence factors without affecting bacterial viability and have the potential to be used as compounds for new antimicrobials as well as tools for dissecting virulence mechanisms (19, 22) .
Vacuolar acidification is a normal process of endosomal vesicles and is generated chiefly through the activity of vacuolar H ϩ -ATPases that lodge in the maturing endosome (39) . Many pathogens that target the endosomal compartment of host cells rely on vacuolar acidification for their ability to cause disease. For example, decreased vacuolar pH induces the activation of selected bacterial toxins such as cholera and tetanus toxins (27, 43) and the intracellular replication of Leishmania (28) and Salmonella enterica (35) . A chemical commonly used for inhibiting vacuolar acidification is the macrolide bafilomycin A 1 . It acts as a potent irreversible inhibitor of H ϩ -ATPases (40) and interferes with the activity of cholera toxin in liver cells and tetanus toxin in neuronal cells (27, 43) . Bafilomycin A 1 also has been reported to decrease the intracellular replication of L. monocytogenes and S. enterica serovar Typhimurium in both epithelial and monocytic cells (7, 9, 35) .
The ability of S. Typhimurium to cause systemic infection in mice relies on two separate T3SSs (15) . These T3SSs are coded for by separate genetic continuums, called Salmonella pathogenicity islands 1 and 2 (SPI1 and SPI2). Effector proteins translocated the SPI1 T3SS mediate bacterial uptake from the intestine (13, 15) , whereas SPI2 effectors are needed for subsequent intravacuolar replication in phagocytic cells (6, 15, 23) . The induction of SPI2 genes and the assembly of the SPI2 T3SS both require a decrease in pH and phosphate (1, 25) , after which selected SPI2 effector proteins interfere with subsequent vacuolar maturation (2, 26) . In this study, we asked whether pharmaceutical proton pump inhibitors could be used as small molecular compounds for a targeted interference with virulence. Thus, we probed for the potential of the H ϩ -ATPase inhibitor omeprazole, a benzimidazole compound that is used for treating gastric ulcer disease and gastroesophagal reflux, to inhibit the proliferation of S. Typhimurium in RAW264.7 cells.
MATERIALS AND METHODS
Bacterial strains, plasmids, and cultivation. S. enterica serovar Typhimurium strain 14028 (American Type Culture Collection, Manassas, VA) was used throughout the study. For the plasmid segregation experiments, S. Typhimurium 14028 was transformed with plasmid pPir, which codes for ampicillin resistance on a temperature-sensitive replicon (34) . SPI2 mutant strains ssaV::Cm r , sifA::Km r , sseG::Km r , and sseF::Km r (1, 2) all were made in the 14028 strain background and were a kind gift from David W. Holden and Jay C. D. Hinton. For microscopy, we used the gfp ϩ insertion from strain JH3016 (SL1344, rpsMЈ-gfp ϩ , Cm r ) (16) transduced into the 14028 background. Bacteria were grown in Luria-Bertani (LB) medium or on LB agar plates supplemented, when needed, with ampicillin (100 g/ml; Sigma, St. Louis, MO), chloramphenicol (10 g/ml; Sigma), or kanamycin sulfate (50 g/ml; Sigma).
Proton pump inhibitors. The proton pump inhibitors omeprazole and bafilomycin A 1 were solubilized in dimethyl sulfoxide (DMSO). All products were purchased from Sigma. An equivalent amount of DMSO was used as the negative control in all experiments.
In vitro cell culture infection. The murine macrophage-like cell line RAW264.7 (TIB-71; ATCC) was propagated in RPMI 1640 (Gibco, Paisley, United Kingdom) supplemented with 10% fetal bovine serum (Gibco), L-glutamine (10 mM), HEPES (10 mM), and gentamicin (10 g/ml) as described by Bjur et al. (4) . L-glutamine, HEPES, and gentamicin were purchased from Sigma.
For the infection of nonactivated RAW264.7 cells, bacteria were grown to be noninvasive (4) and opsonized with 10% preimmune BALB/c mouse serum for 30 min at 37°C and subsequently used at a multiplicity of infection of 10. One hour postinfection, cell culture medium containing gentamicin at a concentration of 50 g/ml was applied, and cells were incubated for 45 min to kill extracellular bacteria. For continued incubations, the killing medium was replaced by maintenance medium containing 10 g/ml of gentamicin.
At indicated time points postinfection, the cells were lysed by hypotonic lysis (11) , and the amount of intracellular bacteria was determined by CFU counts of viable bacteria.
To probe for the effect of proton pump inhibitors, the compounds were added at the indicated concentrations. If not otherwise stated, omeprazole was added to all media and kept for the duration of the experiment. In the case of bafilomycin A 1 , the cells were treated with the compound 30 min prior to infection, and then fresh medium without bafilomycin A 1 was added (35) . When testing for cytotoxicity, experiments also were conducted in cell culture medium containing bafilomycin A 1 for 16 h. For testing the effect of proton pump inhibitors on nonreplicating bacteria, tetracycline (10 g/ml; Sigma) was added as reported by Negrea et al. (31) .
Determination of NO production. The production of nitric oxide (NO) was measured through the accumulation of nitrite in the cell culture medium. Nitrite was assayed with the Griess reagent (Merck, Darmstadt, Germany), and the optical densities at 525 nm were converted to micromolar concentrations using defined standards of sodium nitrite (Merck).
Analysis of cell viability. Cell death was detected using an annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (BD Pharmingen) and subsequent analysis by flow cytometry. The procedure also included staining with propidium iodide (PI). The release of lactate dehydrogenase (LDH) was assayed chromogenically using a cytotoxicity detection kit (Roche) according to the manufacturer's instructions.
Immunoblotting. The degradation of IB-␣ and the expression of inducible nitric oxide synthase (iNOS) were assayed by immunoblotting of RAW264.7 cells as described by Eriksson et al. (10) . Briefly, adherent cells were washed in phosphate-buffered saline (PBS) and lysed immediately in 100 mM Tris (pH 8) containing 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, and 1% NP-40. All of these chemicals were purchased from Sigma except for NP-40, which was from Merck. Proteins were separated on sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis gels (24) and transferred onto HybondP polyvinyl difluoride membranes (Amersham Pharmacia Biotech) as recommended by the manufacturer. IB-␣ and iNOS were detected using a rabbit monoclonal anti-IB-␣ antibody (Cell Signaling Technology, Danvers, MA) and a rabbit polyclonal anti-iNOS serum (Santa Cruz Biotechnology, Santa Cruz, CA). To confirm the equal loading of the samples, ␤-actin was detected by immunoblotting in parallel as an internal standard, using a rabbit anti-actin antibody from Sigma. Bound primary antibodies were detected using peroxidase-conjugated anti-rabbit antibodies and the chemiluminescent detection kit SuperSignal from Pierce Biotechnology (Rockford, IL). The PageRuler prestained protein ladder plus (Fermentas, Ontario, Canada) was used as a molecular mass marker.
Measurement of cytokine release. OptEIA enzyme-linked immunosorbent assay kits (BD Bioscience, Franklin Lakes, NJ) were used to determine the levels of interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-␣) in cell culture medium 16 h postinfection. The assays were conducted as defined by the manufacturer.
Fluorescence microscopy. RAW264.7 cells were grown on coverslips and infected as described above with a green fluorescent protein (GFP)-expressing 14028 S. Typhimurium strain carrying gfp under a constant promoter (16) . At 16 h postinfection, the cells were fixed in phosphate-buffered 4% formaldehyde (pH 7.2) for 10 min, washed with PBS, mounted on microscopy slides, and observed using a fluorescence microscope. For each sample, 20 random microscopy fields were selected and processed for statistical analyses. To assess vacuolar acidification, RAW264.7 cells were stained with acridine orange (Sigma) according to Steele-Mortimer et al. (38) .
Determination of MICs. MICs were determined on 96-well microtiter plates by applying twofold dilutions of gentamicin and omeprazole. Assays were conducted in either LB or RPMI-based HEPES-buffered cell culture medium and initiated at a bacterial concentration of 10 5 CFU per ml.
Statistical analyses.
Each experiment was performed in triplicate and repeated at least two times. A two-sided student's t test was used to determine statistical significance between the values for the different groups.
RESULTS
Omeprazole prevents intracellular replication of S. Typhimurium in a bacteriostatic manner. A gentamicin protection assay (37) was used to analyze the impact of omeprazole on the intracellular replication of S. Typhimurium strain 14028 in murine macrophage-like RAW264.7 cells. In untreated cells, we constantly noted a significant increase in intracellular bacteria between 2 and 16 h postinfection (Fig. 1A) ; however, when the experiment was performed in the presence of omeprazole (200 M) (8), a significant decrease in the bacterial growth yield was observed (Fig. 1A) .
We next conducted microscopy using a GFP-expressing strain of S. Typhimurium 14028. Infected RAW264.7 cells were fixed 16 h postinfection and probed for GFP-expressing bacteria. In agreement with the results observed using viable counts (Fig. 1A) , omeprazole-treated cells contained less intracellular bacteria (Fig. 1D ) than untreated cells (Fig. 1C) . A statistical analysis of the number of fluorescent intracellular bacteria per microscopy field confirmed that omeprazole inhibited bacterial intracellular growth (Fig. 1B) . In infected untreated controls, microscopy revealed a pattern typical of infected cultured cells: cells containing some S. Typhimurium bacteria and cells with multiple bacteria clustered in a perinuclear region (Fig. 1C) .
To further analyze the effect of omeprazole on the intracellular growth of S. Typhimurium, RAW264.7 cells were infected with a variant of S. Typhimurium 14028 that carried a plasmid that codes for ampicillin resistance on a temperature-sensitive replicon (3, 34) . As this strain divides at 37°C, the plasmid segregates and allows the detection of actual replication (3). In these experiments, omeprazole affected bacterial intracellular net growth and plasmid segregation at concentrations as low as 50 M and substantially decreased the bacterial intracellular growth and plasmid segregation at 200 M ( Fig. 2A and B) . Taken together, these results imply that omeprazole exerts a bacteriostatic mechanism of growth inhibition.
Omeprazole and bafilomycin A 1 differently inhibit intracellular replication of S. Typhimurium in RAW264.7 cells. We next analyzed the abilities of the proton pump inhibitors omeprazole and bafilomycin A 1 to affect the growth of S. Typhimurium in vitro or in murine macrophage-like RAW264.7 cells.
Neither proton pump inhibitor (omeprazole at 50 to 200 M and bafilomycin A 1 at 100 nM) affected bacterial replication in Luria broth or in cell culture medium, nor did the compounds alter the gentamicin MIC for S. Typhimurium 14028 in these media (data not shown). Thus, neither omeprazole nor bafilomycin A 1 inhibited bacterial in vitro replication, nor did the compounds sensitize bacteria to gentamicin at relevant experimental concentrations of proton pump inhibitors.
In accordance with the results presented above (Fig. 1 ), we noted a two-to fourfold net increase in intracellular bacteria when using omeprazole at 200 M 16 h postinfection (Fig.  3A) . Bafilomycin A 1 at 100 nM completely prevented net bacterial replication from 2 to 16 h of incubation, even when the compound was applied only for 30 min prior to infection (Fig. 3A) .
The application of tetracycline at 10 g/ml causes a reversible blockage in the intracellular replication of S. Typhimurium The yield of intracellular bacteria remained unaltered when using both tetracycline and omeprazole (Fig. 3B) . Thus, omeprazole did not further affect the viability of nonreplicating intracellular bacteria. The application of bafilomycin A 1 to tetracycline-treated RAW264.7 cells resulted in a significant decrease in the numbers of bacteria recovered 16 h postinfection (Fig. 3B) . These results suggest that bafilomycin A 1 , in contrast to omeprazole, mediated the killing of nonreplicating intracellular bacteria.
Omeprazole acts before initiation of bacterial intracellular replication. We analyzed the kinetics of intracellular growth in the gentamicin protection assay by determining the intracellular growth yield at 2, 4, 6, 8, and 10 h postinfection. These experiments revealed that net growth became detectable at 8 h postinfection (Fig. 4) . The application of omeprazole (200 M) at 4 or 6 h postinfection inhibited net growth as measured 16 h postinfection, whereas growth was significantly less affected when omeprazole was applied at 8 or 10 h postinfection (Fig. 4) . The application of omeprazole for 3 h before infection resulted in a substantial inhibition of bacterial intracellular replication, even though the compound was omitted at later stages of the infection (data not shown).
These observations implied that omeprazole efficiently prevented bacterial intracellular replication, but it did so only if applied before intracellular replication was initiated. This sug- Omeprazole affects SPI2-mediated intracellular replication. The complete blockage of the SPI2 T3SS through the mutational inactivation of the SPI2 T3SS machinery strongly reduces the ability of S. Typhimurium 14028 to replicate in RAW264.7 cells. Likewise, selected SPI2 effector proteins encoded by SPI2 and SPI2-associated genes, such as sifA, are needed equally for the efficient intracellular replication of S. Typhimurium in RAW264.7 cells (1, 12) .
In accordance with previous publications (1, 12), we observed a significantly decreased intracellular growth yield in RAW264.7 cells for sifA, sseG, and sseF effector mutants and for the ssaV mutant which is defective in the SPI2 T3SS apparatus (Fig. 5) . However, both of the sifA and ssaV mutants, the mutants with the most reduced growth yield, repeatedly generated a two-to threefold increase in net growth in relation to the amount of bacteria that were phagocytosed initially (Fig.  5 ). These observations showed that certain SPI2 genes are needed for bacterial intracellular replication, as expected. However, consistently with other publications (1-3, 12) , a measurable intracellular replication could be observed even in the absence of SPI2 activity ( Fig. 3B and 5) .
As the effect of omeprazole on the intracellular replication of S. Typhimurium 14028 mimicked that of the sifA and ssaV mutations, we next asked whether omeprazole would act through interference with SPI2. If so, then no additive growth inhibition would be expected for the sifA or ssaV mutant upon use of omeprazole. However, if omeprazole acted via a different pathway, then the addition of omeprazole would pose an additive inhibitory effect on the residual growth of the sifA and ssaV mutants. Thus, we determined the intracellular growth yields in RAW264.7 cells of the wild-type and mutant strains of S. Typhimurium in the presence and absence of omeprazole.
When using omeprazole at 200 M, the growth yield of the sseG and sseF mutants was reduced twofold, whereas the growth of the sifA and ssaV mutants was unaffected (Fig. 5) . Significantly, in omeprazole-treated cells the growth yield of the wild-type and mutant strains reached about the same level of decreased replication. This indicated that there exists major SPI2-dependent and minor SPI2-independent growth of S. Typhimurium 14028 in RAW264.7 cells reveals a residual SPI2-independent replication that is not affected by omeprazole (Omep). The increase in intracellular bacteria between 2 and 16 h postinfection in the absence or presence of omeprazole (at 200 M) was determined by viable counting, and the ratio is displayed as the growth yield. The statistical difference between the growth yields was confirmed in a paired student's t test ( * , P Ͻ 0.05; *** , P Ͻ 0.0005). WT, wild type.
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Typhimurium in RAW264.7 cells and that omeprazole affects only the SPI2-mediated growth.
Omeprazole does not affect vacuolar acidification in RAW264.7 cells. We continued by asking whether omeprazole at the concentration used in this study affected vacuolar pH. For this, we applied staining with acridine orange, a dye that shifts fluorescence emission upon protonation. In accordance with Steele-Mortimer et al. (42) , acridine orange-stained RAW264.7 cells revealed intravacuolar orange staining that is indicative of acidified vacuoles (Fig. 6A ), whereas treatment with bafilomycin A 1 resulted in a total absence of such staining (Fig. 6B) . Omeprazole-treated acridine orange-stained RAW264.7 cells still revealed acidified vacuoles (Fig. 6C) .
Omeprazole and bafilomycin A 1 differentially affect inflammatory activation of infected RAW264.7 cells. Proton pump inhibitors have been reported to affect inflammatory signaling (17) and the expression of inducible nitric oxide synthase (iNOS) in macrophages and macrophage-like cells (18) . The expression of iNOS also can be induced in murine monocytic cells through infection with S. Typhimurium, whereupon subsequent NO production inhibits the intracellular replication of S. Typhimurium (4, 42) . As the immunomodulatory propensities of proton pump inhibitors had not been harmonized previously to the outcome of infection assays, we set out to probe whether omeprazole and bafilomycin A 1 affected the ability of infected RAW264.7 cells to produce NO in response to intracellular S. Typhimurium. These experiments showed that omeprazole, surprisingly, efficiently abrogated the ability of infected RAW264.7 cells to produce NO, whereas bafilomycin A 1 increased the NO production in the infected cells (Fig. 7A) .
The downregulation of NO production in infected omeprazole-treated cells was associated with the inhibition of iNOS expression (Fig. 7C) , low secreted levels of the cytokines IL-6 and TNF-␣ (Fig. 7D) , and a delayed degradation of IB-␣ (Fig. 7B ) in response to infection. Thus, the two proton pump inhibitors differentially affected infected RAW264.7 cells, with omeprazole blocking inflammatory signaling and the expression of iNOS.
Proton pump inhibitors and viability of RAW264.7 cells. The gentamicin protection assay relies on the fact that the intact eukaryotic cell protects intracellular bacteria from external aminoglucosides (37) . Vacuolar proton pump inhibitors have been reported to induce apoptosis in cultured mammalian cells (5, 29, 45) . Host cell death, in turn, would expose intracellular bacteria to gentamicin, which would result in the killing of the bacteria in the cell culture setting. As this aspect had not been included in previous studies connecting bafilomycin A 1 to bacterial virulence factor activity, we analyzed omeprazole and bafilomycin A 1 for their effects on the viability of macrophage-like RAW264.7 cells.
RAW264.7 cells were grown in the absence or in the presence of either omeprazole or bafilomycin A 1 for 16 h. Thereafter, apoptosis and cell death was recorded by staining with annexin V-FITC and PI and through the measurement of the release of LDH into the cell culture medium.
After 16 h of exposure to omeprazole, there were no substantial differences in apoptotic responses compared to those of untreated control cells (Fig. 8A, B , and D). Furthermore, it was possible to culture RAW264.7 cells in the presence of omeprazole at 200 M without affecting cell viability (data not shown). In contrast, bafilomycin A 1 induced a significant increase in the number of annexin V-FITC-and PI-positive cells and an increase in the LDH release in RAW264.7 cells (Fig.  8A, C, and D) . A large population of cells stained positive for both annexin V-FITC and PI, suggesting that a great number of bafilomycin A 1 -treated cells were in a late apoptotic phase 16 h after exposure to the compound. Moreover, at 16 h of cultivation, a substantial increase in staining for annexin V and PI was recorded for cells that were exposed to bafilomycin A 1 for only 30 min (data not shown). Thus, compared to bafilomycin A 1 , omeprazole appeared significantly less cytotoxic at the concentrations reported in this study.
DISCUSSION
The expression of bacterial virulence factors is highly regulated (36) , and conditions defined by low pH and low concentrations of magnesium and phosphate are environmental cues that, in S. Typhimurium, activate the expression and functionality of the virulence-associated SPI2 T3SS (1, 25) . Here, we have probed for the potential to interfere with the intravacuolar low pH that acts as a signal for SPI2 T3SS activation in S. Typhimurium through the use of two well-defined vacuolar proton pump inhibitors. Our results showed that omeprazole imposed a bacteriostatic effect on intracellular S. Typhimurium, and that only the SPI2-dependent replication was affected when the bacteria infected murine macrophage-like RAW264.7 cells. We also could show that omeprazole became less effective if applied at later stages of the infection, when the expression of SPI2 genes already has occurred and replication already has started (11) . These results would be consistent with omeprazole affecting the expression or activity of SPI2. However, under the experimental settings applied, omeprazole treatment did not abrogate the intravacuolar pH in RAW264.7 cells.
The literature defines various effects of the proton pump inhibitor bafilomycin A 1 on the intracellular replication of S.
Typhimurium. An early report noted a drastic antibacterial effect of bafilomycin A 1 on S. Typhimurium replicating in RAW264.7 cells (35) . This effect appeared bactericidal, even when the compound was applied at later stages of the intracellular infection. However, in a subsequent report bafilomycin A 1 failed to prevent the intracellular replication of S. Typhimurium in RAW264.7 cells (38) . While we also observed a potent antibacterial effect of bafilomycin A 1 on intracellular S. Typhimurium, its effect appeared to be different from that of omeprazole. Bafilomycin A 1 acted on all intracellular bacteria through a bactericidal mechanism, while omeprazole affected only the virulence factor-mediated replication of bacteria and had no effect on nonreplicating bacteria.
Murine monocytic cells respond to salmonella infection by producing iNOS and, subsequently, NO, which suppress the net intracellular replication of S. Typhimurium (4, 6, 10, 42). One explanation for the different mechanisms of the antimicrobial action of bafilomycin A 1 and omeprazole relates to the different abilities of the two proton pump inhibitors to evoke an NO response in infected cells. Whereas bafilomycin A 1 enhanced host cell antibacterial potential and NO production, omeprazole surprisingly simultaneously blocked the ability of the infected RAW264.7 cells to mount an NO response and bacterial intracellular replication. Omeprazole-treated infected RAW264.7 cells also were impaired in the secretion of TNF-␣ and IL-6 and in iNOS expression, and they showed a delay in IB degradation, implying that omeprazole suppressed inflammatory signaling. That omeprazole blocked SPI2-assisted replication even in the absence of NO production suggests a novel bacteriostatic mechanism. As H ϩ -ATPases do participate in vesicular trafficking and interact with GTPases (26, 33, 41) , we cannot formally exclude a more direct interference of omeprazole with vesicular trafficking and, hence, interference with the SPI2-directed formation of the salmonella-containing vacuoles and bacterial intracellular replication.
S. Typhimurium has itself been reported to suppress NO production in infected murine macrophage J774.A.1 cells (4,tion did not directly relate to S. Typhimurium infection itself but rather to an interference with the expression or release of inflammatory mediators. Indeed, we could demonstrate that omeprazole likewise inhibited iNOS expression and the release of NO, TNF-␣, and IL-6 in responses to purified S. Typhimurium Ra lipopolysaccharide (data not shown).
Bafilomycin A 1 , which has been reported to mediate the killing of S. Typhimurium in RAW264.7 cells (35) , increased the NO production in infected cells. In principle, therefore, the enhanced antibacterial potential of bafilomycin A 1 could have originated from its ability to prime RAW264.7 cells for the production of NO. However, the potential cytotoxicity observed here for bafilomycin A 1 also could affect the viability of intracellular bacteria. For example, the disruption of the membrane integrity of the host cell might lead to the exposure of intracellular bacteria to gentamicin, which is used for preventing extracellular bacterial replication.
Thus, proton pump inhibitors can be added to the list of compounds that interfere with bacterial virulence under experimental settings; however, separate proton pump inhibitors differentially interfere with bacterial virulence-associated fitness.
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